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Research advances in the evaluation and utilization of apple rootstock

germplasm
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Abstract: Apple (Malus x domestica Borkh.) is one of the major cultivated fruit crops in China, and its
cultivation area and yield rank first globally. The selection of excellent rootstock varieties is the basis
and guarantee for high quality and high yield of apple. Rootstock affects not only its stress resistance
and adaptability, but also the quality and yield of apple. In recent years, abiotic stressors, such as
drought, soil salinity, heat and cold, are major limiting factors, which result in a decline in fruit quality
and yield of apple, and seriously affect the healthy and sustainable development of the apple industry.
These threats are likely to become even more significant under climate change and the pressures of an
ever-growing human population. The stress resistance of apple trees mainly depends on the rootstock.
Therefore, it is of great significance for the development of apple industry to identify and evaluate the
resources of apple rootstock and screen the excellent rootstocks with strong stress resistance. China is
one of the world's largest apple origin centers, abundant in germplasm resources, and holds great poten-
tial for resource innovation and utilization. It is of utmost significance for the development of the apple
industry to select outstanding rootstocks with strong stress resistance and dwarfing traits. In this paper,
the research and utilization situation of apple rootstock resources both at home and abroad was re-
viewed to provide a basis for the breeding and wide application of apple rootstocks. The main results
are as follows: (1) Apple belongs to Rosaceae family, which comprises 36 species in the world, of
which 25 are native to China, including more than 100 variant types. Among these different species and
types, there are abundant resources of apple rootstocks with utilization and potential utilization value,

which have excellent germplasm such as drought resistance, cold resistance, flood resistance, salt toler-
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ance, iron deficiency resistance and apomixis. Some of these rootstocks are directly used in production.
For a long time, M. sieversii, M. robusta, M. hupehensis and M. baccata have been used as rootstocks in
most apple producing areas in China. (2) Apple often suffers from adverse stresses, such as drought,
low temperature, salt and alkali, which affects its growth and development and reduces its yield and
fruit quality. It has been found that the drought tolerance of M. sieversii, M. prunifolia and M. toringoi-
des are strong. The salt tolerance of apple rootstock varies greatly among different species, ecotypes
and even among different individuals, and the salt tolerance of M. xiaojinensis and M. prunifolia were
strong. Cold damage often occurs in many apple producing areas in north China, which threatens the de-
velopment of apple production, so the evaluation on cold resistance of apple rootstock, breeding of cold
resistant rootstock and the study on cold resistance mechanism have attracted much attention. In terms
of cold resistance evaluation, membrane permeability, relative water content and malondialdehyde are
considered to be closely related to cold resistance. GM256 and CX3 are two apple rootstocks that have
been reported to be cold-resistant in China. (3) Dwarf cultivation is the development trend of apple pro-
duction in the world, and dwarf rootstock is one of the main ways to achieve dwarf density-planting.
Some dwarfing rootstocks, including SH series, Liaozhen, GM256 and Qingzhen, were bred by hybrid-
ization with apple resources in many agricultural institutions in our country. At present, dwarfing root-
stocks used in apple production in China mainly include M9T337, M26, MMI06, B9, SH, GM256 and
so on. (4) In the past two decades, the cultivation mode of apple in the world has undergone fundamen-
tal changes, the tree shape is developing from standard planting to dwarf dense planting, and manage-
ment is developing from time-consuming and labor-intensive to labor-saving. At present, in the United
States, Italy, New Zealand and other countries, the dwarf cultivation has accounted for more than 70%
of the total area of apple cultivation However, 80% of apple trees in China are still applying standard
planting. Standard- planting apple trees have large crowns, poor light reception, inferior fruit quality,
and the cultivation and management costs are high, in which the labor cost has accounted for more than
60% of the total cost of apple production. The stress resistance and tree shape of the apple depend main-
ly on the rootstock. Under the new situation, how to cultivate and create apple rootstock that is resistant
to stress and suitable for labor-saving cultivation and management has become a key scientific problem
to be solved urgently in apple cultivation and management in China. (5) Although some apple germ-
plasm resources such as M. sieversii, M. prunifolia and so on have strong drought resistance, they are
vigorous. M. hupehensis has the characteristics of apomixis, but its drought resistance is poor and it is
vigorous. In addition, the scion varieties on the seedling rootstock have some problems such as delaying
fruit maturity. At present, there is a lack of apple rootstock varieties with good comprehensive traits like
strong resistance and dwarfing. How to scientifically develop, breed and utilize these excellent germ-
plasm resources is an important topic in the present research. (6) With the rapid development of molecu-
lar biology and genomics of fruit crops, people are shifting the research focus of apple rootstock from
physiological traits to genetic mechanism. The completion of whole genome sequencing of apple pro-
vides a good genomic data platform for further analysis of important agronomic traits of apple root-
stocks. At the same time, it will lay a solid foundation for breeding new varieties of apple rootstock
with excellent characteristics such as strong resistance, dwarfing and apomixis. Therefore, accelerating
the evaluation, identification, development and utilization of apple wild resources and strengthening the
selection and breeding of new apple rootstocks will be of great significance to the healthy, stable and
sustainable development of the apple industry in China and even on the world.
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Table 1 Abiotic stress tolerance of apple germplasm resources in China

A E4 i A4 fiif 5 4 PUIETE iR 57 7
Cultivar Scientific name Drought tolerance Salt tolerance Cold tolerance Waterlogging tolerance
FEAEE M. hupehensis Rehd. 155 Slightly weak® " #5 Slightly strong"” — i Average'! 5 Strong!'*"!
HEREFER M. sieverii Roem 9 Strong!"! —#% Average!"” 455 Slightly weak! 55 Weak"
e F M. baccata Borkh. 455 Slightly weak" 55 Weak!"™ 5 Strong™! —f& Average"”!
J\ i 5 M. robusta Rehd. —fi Average"”’ 454 Slightly strong!™” 4558 Slightly strong™  —fi% Average"”
NG M. xiaojinensis - 7 Strong!*' 4558 Slightly strong™  —fi% Average"”
RSN M. prunifolia Borkh. 5 Strong!™!" 4554 Slightly strong™™ - —fi& Average"”!
AR - M. toringoides Hughe 455 Slightly weak!" 455 Slightly weak!™ 4554 Slightly strong™ 55 Weak"”
AT M. halliana Koehne 458 Slightly strong'”  #%5% Slightly strong" - 4754 Slightly strong"”
PR R M. sieboldii Rehd. - 4255 Slightly weak"” - 4254 Slightly strong""'"
[iLi) Rl M. micromalus Hemsl %54 Slightly strong!” - - — % Average!”
ELWLfF M. manshurica Komarov 5§ Weak"" 55 Slightly weak"” 5 Slightly strong”  — % Average™!
LIRSS M. sieboldii Rehd. % 55 Slightly weak"” 5 Weak" - %55 Slightly weak!"
T M. robusta Rehd. - — % Average!""” - %55 Slightly strong!!
WHVLE T M.rockii Rehd. - % Weak™ % Weak"” 58 Slightly strong™!
g5 111 2% 7 M. prunifolia Mill. - - Average!™ 59 Weak!" %55 Slightly weak!"
PRI AR I X AUV AR BEARIE -
Note: “~”indicates that this resistance of the rootstock has not been reported.

1.1 S

T 5 S R A K B ) 1) B 7 2
SER PV R R B S R A )
Psidth 2 — A R E T TP 5T TR, i 5 PR B R Y
CEUSTRSE I e o N G e 1 N | s g S S A 7
Tt R I A [ o B8 28 R %) 3 Ak AR 1) 0 22 S R
(R 1o W TR 10 FOE R mE AR B IR AT T 90
B 590, K I Luo-6+ Luo-2 A& i 54 5 1
il )\ Wit 55 , ST % S L B0 S A2 R A5 i SR Al A

& 7 F B N BN R AR . Ma
229 Y SR T8 R BUME 6] 10 ol S SRR A 470 5 gk
177 SEA VR, R IRk R0 8 2 SR 2 ek e i
71 G2 2 R AR g S i R e B 22 . B PR IR
WA [F] SR 2 2 1) B i PR 3 22 L T R
SRS AR B T RIS PR
Bl A g SR AR 7 TR 5 DA R 085 LU 2% 7 s Pt S PR AR
X8 55 () 2 21 A g5 . BT LS50 8 433
ST TR B PR AT VR AN, K I LC36 A LT



1080 3 L)

S 4

42 3%

(M. soulardii) Wi 5V 5% T 87 58 37 372 SR 1~ .
Wang 55 A BT 1 R R S SR Al R (1 T 5 4
2 SERLA 230 5 TS T S R D SR AR
R =R SER R 5 5 N = R K= R A s
o T PR 22 - B S5 o Tworkoskid 552X
R ME 23 BAG AR MMILT AT MO 23R4T 1 i % e
AT, AR L, MO B I HR R ABA 7 &, B o
iy S T MIMULLT U2 3 52 22 PR S K AR SR e T
FE. Lin &P LAYT R PE 22 57 8 25 PR 3 SR Al R
WF A7 &R A A RE, BT T AR TR R A
K6 AN7KIETE & L R RIS AR AL, KT 2 haa
T 6N /KIETE B AP R R GE  H 3 SURE A [E]
(PRIEH B35 22 5, HENNIX 0] (RS2 18 B Fh 3P R
ARPLFEAE ) 32 ZEF A

1.2 b
F I AL A TR T 5 VR b X 3

SRR PR AR I 2 RS R, SERALA (T Sh AR AN
[F) 32 S (8] AN 5] A2 25 8 2 ) B A [RI AN 1) #06 4e
KZESF o A FE 58 i BT 19 Fp 3 a2t
17 7 T 3R VAN, & I Luo-1. Luo-2 FER 3 i 5 N
FE i R PR3 SRR A, AR IS 1L T IV 2 T
TR S AL LA 3535 AR . Yin & @ it
IKIEXS 15 P Smh AR (i SR AT 7RGV, K
UMK ZR b M3 R R4 = M S RN i 3
T 1 S SRR A, T A P2 SR R 3 5 R G R o 3
WU & AN 53 B A o FRUKUKEE"%F 16 S 80 143
SR AR TR 1R SE AR HEAT T SR YR VRO AT
RIS e v B 8 10 d S S R R AR 508 0.00~
0.90, 48 5 R BUN 0%~173% ; it £5 P4 55 1) Fh 5 55 U8
745, i SRR 57 01, T R SS 3L 16 4
Molassiotis 252" DL 3E L BE AR MM 106 NifkA4 , bt
WS T NaClUAT KCHAREE R (A 2 AE AL dR A, I
PR B AR A PR T SRR E O
HRENG FTRA AR, FEREENRINE
WS AN M7 i RV 22 e i AR MR RO N /N &
Y SR (R Na' s [Na [/ [K 33/ T 6 14 22 (1) M7,
T AR A A S5, LT 5 A 5 et PR 3 STl A /)N 4 0 5
R R Na BN FE AR . 13 B 3 SRl A W] R () i
BL AR RAEAH B 2 (I Na *, 3 DL RO B 1
73 Na' /) b 358 1R 18 56y, TR T 36 551 X
IR EER. LSRRI, Bk T re
B BT a8 R R K B T8 R A SR 2R A

MAHKTI1 . MdSOS1 F1 MANHXT ) 23 & 5 % w5 T2
3 5, 0 B P B2 4% EL AT B A 1 4 Na /1 HE AR
Na'[X [ FIE R RE 7, I dem 1 i stk . s
SOOI ST TE B AR AN (R IR U 65 RS SR i £ 2
SERUH S A AR il R A5 A A [ 95 D 3% A S B
JK 8 JE M < & @ 3t K MdPIPI;1, MdPIP2;1,
MdATIPI; 1 F1 MdTIP2; 1 ()R IEEH# 25 N E LT
F AR B £ A F 3 0A B I 3 v T A AR D DY
A3 TR 1 1 B8R 1T R K AR 1 R R (1 R IA
IKFEL A K
1.3 mEM

b7 — e = X, B R AR R
I A A TRl TR I EL E R AT, RO R L
FP= A e & o 20 120 60 AR AR rp [ & L
TR 1L 5E T I st s, F MR AE
T EZAPUFERA, b GM256 A1 CX3 /2 H R HRIE 1)
WEEE HBRPUEERI P ARG A AT RARK H F
FR 5 R SR R A 11 A Fh 18 AR AL AT
TN FEEIEN , R AR L e 7 AR AL B g s o
P, AT VNP RE D95 ARGl E TR R L3
g 55 57 ) SABA O% K 2 T IR SR B R 5
M), 32T I B T ARG A 5, DR b 3R B HE R e €
P . Mirabdolbaghi %5 & I 5 Ff 3 B Ak K B9 M9+
MM106.M26 Fl Azayesh [ ifisf % 1 47 45 B & 2 5%,
BO fiif FE M58 o B N AN 450K AR 5 AL BT 4 Fp g B
fiti AR 71-3-150.GM256 . SH6 1 M9 f] # FE £ 3£ 47 Eb
BT I MAR S 7 51 3 (R B ARl K 71-3-150 BT
FEME 5, HL U GM256 A1 SH6, M9 1470 38 1 #i%
o [AIAS R BRI MG R 71-3-150 BE4E R = 1 AT
MR A KCF M e ) SOD A POD i 1, IX A g
HPUFERE /1 5% . Mirabdolbaghi Z55206 5 Fh 3 B hik
A3 FIRAEAS 5] T b A 35 e, 25 SRR B, SRR R
Azayesh £ K 1E IR TE 48% 1P 20% B+ 31% A1 47
IR 14% 1) 338 o 40 S 1 s 5 T M9 AR K AE BtV
49.2% KB 19.8% B 1 31% F1 47 K 18% ) 1 3 vpr
DU B, 28 W - 38 Jo A1 5 ) S5 SRR A 1) P 5
Y. Artlip 555 Mk o 43 25 1) CBF genes % A\
G MO J5 138 T S AR S . R T
SEOIXT O 4 37 AR YR P FE AT T VRN, K
PUBTE B RS A (G5 100 A1 147) i FE 55

s TE RN B FE 1 Bk )P O B S R BT
fili A ol 1 3 SR At TR S E B VAN L

i

JE/
FELE



55

BLE 55 SRR RV S5 A BT T 1081

ML RF T EEANRZ —. ETPN PR
J7 18, B9 3 MDA & RS K R B E AL B
PER IR 2R & SR , B S P FE %
PIAH G239, 4 B T A5 CBIF 50 % 0L, 5 4 1 F LA
SR 5 BRI PUIE M B SO, SRR AR %
FHL B 26 J% a4 F BH 6 0] DUVE A PPAN S Rl AR PP
IS4 LR Fe s e R85 A2 P rh PO DA 3
RPUFENE , I B LR EUME BL (1) 7 FE 48 Tt H AT BB
B3R
1.4 Tt

IK I3 R SR A KR R 6 R B B IR 3R AR
TR Z AR TR IER EK, HE ST
B R A B E OB R A KR E R e
et TR T 0 F BARE M a2 — Karid %
X R ) i A4 5 T B AR SR R S BT A A
TEARSASKAE T, A AR 52 240, 3 M E S5
R 2R, N VRIES R AR AL, AR O LR 38 A
M AL, B 24 T B K2, R E S LT S EBUEY
GO, R SEBRA P R, B KSR E
£ P B I AN R [ HE KA RS 2R, 5 85052 5 R i
2 RUK SERR I A TR PR R ES  RS
J R B R B, TG BT E A BRI
ZEE ORI AR R R T K 1 T VR AR T 12 B AR
Fili A PRI TR 55 2 , R IS 2 b TR 557 » T 0 3 R S SR
AR AN 55 o AR R B AE IR FE AR B, T B
TEARER SR A T RE AR AR K 52 2 ], AR 2R R W 33 A1
2 BN H0 I, e FL R I A B R, 40 ) e B R
Bai LR, KA F B SR RE AR KR
BT FLAEAR (25304 VA 22 37 AR, T i BT S SR 3%
A ISR . 1K 3R B A 1 T B A
% 3 o A R A 1 O B T R R I AR AL B L X
VP IE 2T & 5 AT LU A SR A
1.5 e

SR A B 5T IR IR ISR 2 R R G ER
Tk s B DR Rl A B R M S R
IREE FRACFRNIE R B KK T » BRUKUKEEI5T 3
FAl AR BEIR A B AT TN, R BUAS R bR
A SRS R IR 2. Nl R
A B PR E TN R BE ), )R R Bl 2R
PUERERAE ISR, T 1L E T PR D 2. Rk
SV R LR 38 TR R AR S J G R SH40 AT\
B MAR R WA HLR P AR R (S EH B

ZE5t o Zhu ST R T 5 /8 i S BRVERAH G 1R 43
FhRic , X358 JE ARHEAT %58 , kA 0k ) 85% LA
Fo XTREEUEL R T 4 R AR R R EE RE
R B /IN 4 g S TR ARG T 1L R o 1 UK
FAAEEST LA TE T P03 SR A /N i S AT
(2 T 27 0o df e 2 i 2 PR 22 S AL 1 R ISR
N/ING i S AR AL R 5 R R A 1 HEAE
Hif 52 66 77 -

2 SERURARE AR BE IR [E P S 7T
LA

2.1 FKEFERBCMAMIFERZFA

BB kR R T SRR R L AR, 5 TRk
FB AL, BA AR A A E T EAE AR
R0 IR E TR S LR A SR A2 98 SRl K )ik E
J5 T S AP B W, H RTIE B 1B A3 JERL A S R g
B/b o SH #& 72 DUBRAL S R BRI g il 2 Mg S 1 EDYG
R, I B A AR, 4 SH6.SH38.SH40.
23t ZEMHET MR HEER B, SH R BB PLE
WA S 55 A 4 R SRR T (R TE M 22, R 3R
FEl b 5 i XA 52 B BR 5 FA AT 78 S A 513k
(13 BB R M R 5 3R B 3 R AL B IR AT 4%
T,k E HEZANBRAERBAR SR, BRI R
GM256. F hili R 51 77-3463-2-19 55, 5 Fe [H 3 /3
SERFEIXHETT N o H ET R SRR P A R (1)
fB Rk A 32 B45 M9T337.M26.B9.SH & .GM256 %%,

L H TGP TGS SRR R )\ 5 L L
fili /X SH3 #1 SH37. #& Ak fifi A SH38.M26 11 B9 A2 1
FBRACKE R P22 (I BEAT 1 40 MR 25 R 9, IR
AR B FE R &y, i A 2R . B
T R A 2 R TR R P RN A P A
fetr S PR E UM KT, B SR I
MO FI M26 Bt A A G K 2 5, Fidoh &
R E T DL\ 5 N A 1S R, T AL
55 0 2 I i R LI, 3R B R A Hh Rl ) S SR A
TR0, EARE AL G ER . BEHET
X 3 BB AL G R M26.. SH28 AT SHA0 M 15 4% it Feh 1L
kAT 7 0, KL ABA & i Rl MANCED 111 3%
IS 3P ARG I IRAGFE S R IEAE . Zhou
SS9 % B9 G24.M26.SH1 . SH6 F1 SH40 £ 6 Fh
TR ARAE iR Bl 38 R R T A B AN R K LA
b, I SH 2 Ffili A i #A4PE f 558, M26 1) 38 . fig



1082 3 L)

S 4

423

AR G24 K S e 1 -
22 ESNERBEUMAM TR TR

H 19t 40 9 [ 1 R SRR R LK, &
A E K HAR S RBARIE S TIE, EF
H T — S0 BB RS AR . e 1) M R A
MM R, L [H] (1] G RAICG R, J5 B 1) B
L HARIM R, & KO0 R P
FRT, S M 1968 - FFAf 0T S BRI B IR IEAT T
T2 VR R I , HK S RS A & Tl H A5 2 B4
PUK PRI YU R ARl PUE A R, &
A ELE Z R EARAL , 2 )2 IRV S5 0k , B Rl
DNEE T 144 2 HES R 3% S A S A,
i VMR B R A (G65) .5 MR AR (G16.G41
G214, G814, G213) . 8 ™ %% L fili K (G30. G11.
G202.G935.G969.G210.G890.G222),

H A7, M9 & 51 th LA M9-T337 N ¢ A2 »
MO-T337 21 2 MM R ik G H 13FE SRR A
FHFL 1G4 10 3 SR AR AR KRN, 5 A, 45
HEFHG™, BT M RAETARPUIEER 2, 5Bk
FHPIFEREEM RETORHATRL,IEE Tk
Wi 1) B RANVBACHE A, Fo b BO Bl REEAL P IE I
5, L FL 05 1 3 AR 4 R L R 7 ] o R
Pi-12 CCHMKER, 2 HE) BRI Pt B ah A
2z —, 3 E AR IR K& F F M27.M26. Robusta$s
Al Otttawa3 HEEARRE B T G RAulA, H 1 G16,G41
1 G935 Ak HAr v R F i ™™

3 B
31 MEE 4T RMESEIN S BEENE
51 A

FE A = 1SR B, QS T
S b o B R SR SR KT, DU BRIR L E T i
SR IR/ IS TR AL BRI R I S WL 2% T
Rl AR TE T BT S RME S AR o H H ET DO
R SRR R IR AT TS VRO, SRR
AREE 5. SFRBERRE R, KRGS E
WG MR 22 K RS HE S E 5 TR LU N A . 1
A2 55 SV 5 IR HR DAL G5 (7 25 A LA
B A TN, R ZVEIR 0 84 A AR
SR ) E AL 5248 S 0T U S HARRAE YA LY A
BORZEBR . DAL, AR TH S A R 5L R 56 5 517
AT IR 57 2 D 248 SR DD R 3 SR A

AR B BB 7 O JE R B
3.2 BIFIIRERIE DUBIEMERMARZ R
BMEFR

I RAR , B [ 3 20 X 3 2L DUFT s B SR\
BEHESE LLE TP BRHR AT S5 v AR, BAR
WrEBE R TP, EAE . SRR
ARG R (BT R R E BTG, H DO 73R
ToftFR) S5 A B DG A, R o o A A 45 R G 5 i) AL
L ET B HUIE SR EASE SRS TR R 3 A AR
e FEXE L 30 4E T, BRI R AR B AU A4
TRRARAY , b B K et JE [ Il /N e P e R
B PR 2k T R . HT, SR RORA
AT 7Y 2 26 [ 39 SRRl 2 R R o7 FL e e T A
K1 70% LA 1, T 3 [ 4754 80% I 3¢ 5 9 77 il i AL
AT, AR IS ISR, R K 5 AL OIS
R Ao 22, HLARE A B A vy, Ferh o7 3 A
SR A AR 60% LA b o BRI, FERTESS T
Aoy 5% R0 1 BT 30 R A T A R B (Y S SRR
A R RSERBEAR T R H 5o
3.3 FIRIMAREDEARBN F30F RAG A FhEY
i

WRIEAEEHFELL KRR ML E 51T
W5 TR NI o AL, SR A AR il S VA A
B AR b A P A B K, R . B 0 AR
SR DR A 2 R R R JE 5 L xt v 2 S R i o it
T 7 AR Py M T 5838 IS SR A I, e
S DR SN L AT AR 2 90 I R ) e R B AR
T FRCHIT AR B T R SE R Al . [RII, R 3
PRl AR BN 7377l B 8 A T B, R R i R
SERAAR A B AR A H R R R, B
P RO R & A FE A R A AR SN AT fE -

Sk References:

(1] EhEenE . v SRR M R R IR 25 - AR | ) (0] 7%
SRR, 2023, 55(4): 1-4.
MA Fengwang. Reflections on the development of China’ s ap-
ple industry : Current situation, problems and solutions[J]. Decid-
uous Fruits,2023,55(4): 1-4.

[2]  ACMRER . SRR AR 2 IM. JE R Al AR AL, 1993,
SHU Huairui. Physiology of fruit cultivation[M]. Beijing: Agri-
culture Press, 1993.

[3] JIVAN C, SALA F. Relationship between tree nutritional status
and apple quality[J]. Horticultural Science,2014,41(1):1-9.

[4] YUANPH,WEIYY,GAO X,SONG C H,JIAO J, WANG M



55

BLE 55 SRR RV S5 A BT T

1083

[3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

M, ZHANG K X, SONG S W, ZHENG X B, BAI T H. The
RING- H2 type E3 ubiquitin ligase gene MdATLI6 positively
regulates salt tolerance in transgenic tomato and apple[J]. Envi-
ronmental and Experimental Botany,2024,220:105689.

CHEN P X, YANM J,LI L,HE J Q,ZHOU S X, LI Z X, NIU
CD,BAO CN,ZHI F,MA F W,GUAN Q M. The apple DNA-
binding one zinc-finger protein MdDof54 promotes drought re-
sistance[J]. Horticulture Research,2020,7(1):195.
LIYX,TIANXC,LIUTF,SHIY J,LIY H, WANG H T, CUI
YL,LUSY,GONG X Q,MAO K,LIMJ,MAF W,LIC
Y. MdSINA2-MdNAC104 module regulates apple alkaline re-
sistance by affecting y-aminobutyric acid synthesis and trans-
port[J]. Advanced Science,2024, 11(35):2400930.

FEA . FEREE YT BIET T M. Jb 5T b E O H i
#t,2001.

LI Yunong. Researches of germplasm resources of Malus
Mill.[M]. Beijing: China Agriculture Press,2001.

AEDAR . SR A 5T B8 R PR I A e 5 4 e R, b Ty
[EZ,1993(6): 1-3.

REN Qingmian. Research progress and identification methods
of stress resistance of fruit germplasm resources[J]. Northern
Horitic Ulture, 1993(6):1-3.

TS hE AR AL P VR K MBS AE T 10 R ARG AR
PUEPEPAN ] SRR 244, 2004, 21(5): 395-398.

YE Naihao, ZHAI Heng, DU Zhongjun, XU Hong. Evaluation
of drought resistance of ten apple rootstocks[J]. Journal of Fruit
Science,2004,21(5):395-398.

E AR, BT, 2R 200, RO, B R, E R . SRR S
TR R o U S22 10 A 2 e 7 R P 0], v R b A
2008,41(12):4140-4148.

BAI Tuanhui, MA Fengwang, LI Cuiying, SHU Huairui, HAN
Mingyu, WANG Kun. Physiological responses and analysis of
tolerance of apple rootstocks to root-zone hypoxia stress[J]. Sci-
entia Agricultura Sinica,2008,41(12):4140-4148.

LY, B2HL R L, kB, 1, D . 8 3 R
PRI T[], S 241, 2024, 41(4): 569-578.

WETI Jiangtong, MA Xiaoying, LI Xuewen, ZHANG Zhijun, LI
Chao, MA Fengwang. Evaluation of drought resistance of eight
apple germplasm resources[J]. Journal of Fruit Science,2024,41
(4):569-578.

K e, B, DA IR, W SRR #h 1 4 e
e HARRRAET]. M 44,2002, 19(1) - 4-7.

DU Zhongjun, ZHAI Heng, LUO Xinshu, CHENG Shuhan, PAN
Zhiyong. Salt- tolerance identification on apple rootstocks[J].
Journal of Fruit Science,2002,19(1):4-7.
KRR, R, Jo el , DL . 42 /N30 L il o B YR BT 96 L)
R[], A6 A, 2018(4): 11-14.

LIU Xiuli, LIU Cheng, ZHOU Yanqi, ZHU Jun. Preliminary
identification of cold resistance in fourty-two of Malus germ-

plasm[J]. Northern Fruits,2018(4): 11-14.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

AARYE | SERR ARG AR BEUE A A AR S VAN A IR R
JBIE N R BHLELRT FE[D]. M9k - VU AL R ARSI, 2008.
LI Cuiying. Evaluation of hypoxia tolerance for Malus rootstock
seedlings and study on physiological metabolism of adaptation
to hypoxia stress[D]. Yangling: Northwest A & F University,
2008.

ARUKK R, A2, R85 GRS . 3 RS Rl R B U
it Sl ke ANV R AP DA [0, P Ol K 2 22 4], 2016, 21(1) :
48-58.

LIN Bingbing, HAN Zhenhai, WANG Yi, WU Ting, ZHANG
Xinzhong. Evaluation on the tolerance of apple seedling root-
stock resources to iron- deficiency, salinity and alkalinity[J].
Journal of China Agricultural University,2016,21(1):48-58.
YIN R,BAITH,MAF W,WANG X J,LIY H,YUE Z Y. Phys-
iological responses and relative tolerance by Chinese apple root-
stocks to NaCl stress[J]. Scientia Horticulturae, 2010, 126(2):
247-252.

WA, SE BRI, RO T . 3R ARG R SRR KAl R B A CL
o [ I 252 2 AT 70 JAAR AL 518 S0k S L 1999:53-61.
PAN Zengguang, XIN Peigang, SHU Huairui. Apple rootstock
resources and breeding in China[C]. Selected papers on the 70th
Anniversary of the establishment of Chinese Society of Horticul-
ture, 1999:53-61.

TRAE, o, SR E AR REE B, SR, EXUNR, EIESS A
7 o o S Ty N S E e e A B M R R R 7
F,2021,39(4):86-94.

ZHANG De, ZHANG Rui, ZHANG Xiayi, WU Yuxia, ZHAO
Ting, ZHANG Zhongxing, WANG Shuangcheng, WANG Yanxiu.
Physiological response of different salt-tolerant apple rootstocks
to salt stress[J]. Agricultural Research in the Arid Areas, 2021,
39(4):86-94.

ATKINSON C J, POLICARPO M, WEBSTER A D, KUDEN A
M. Drought tolerance of apple rootstocks: Production and parti-
tioning of dry matter[J]. Plant and Soil,1999,206(2):223-235.
AEVE Ak AS R AL 0 5l 6 1 AN 23 4% 22 5 43 7 [D].
Wi : AL ARABHCK ¥, 2013.

FU Mingyang. Drought and salinity tolerance evaluation and
characterization of genetic relationships among different bio-
types of Malus prunifolia[D]. Yangling: Northwest A & F Uni-
versity,2013.

LIU C H, LI C, LIANG D, MA F W, WANG S C, WANG P,
WANG R C. Aquaporin expression in response to water-deficit
stress in two Malus species: Relationship with physiological sta-
tus and drought tolerance[J]. Plant Growth Regulation, 2013, 70
(2):187-197.

TN AR, RO A, 5ROBT S, A2, SRR . 30 RS B R B
FEPRIR AL ZREES T[], SR 244, 2013,30(4): 516-525.
XING Limin, HUAI Xinti, ZHANG Xinzhong, WANG Yi, HAN
Zhenhai. Genetic diversity in morphology, stress tolerance and

graft- compatibility among species, ecotypes and their segrega-



1084 L S I R F42
tion within populations of apple rootstock resources[J]. Journal (3):198-200.
of Fruit Science,2013,30(4):516-525. YIN Lili, LI Xiaoyan, LIU Xiuli, ZHU Jun, DAI Hongyi. Study

[23] MAXW,MAFW,LICY,MIY F,BAIT H,SHU H R. Bio- on cold resistance of several apple rootstocks[J]. Journal of Qin-
mass accumulation, allocation, and water-use efficiency in 10 gdao Agricultural University (Natural Science), 2011, 28(3):
Malus rootstocks under two watering regimes[J]. Agroforestry 198-200.

Systems,2010,80(2):283-294. [34] ARTLIP T S, WISNIEWSKI M E,NORELLI J L. Field evalua-

[24] WANG S C,LIANG D,LIC,HAOY L,MAF W,SHU HR. In- tion of apple overexpressing a peach CBF gene confirms its ef-
fluence of drought stress on the cellular ultrastructure and anti- fect on cold hardiness, dormancy ; and growth[J]. Environmental
oxidant system in leaves of drought-tolerant and drought-sensi- and Experimental Botany,2014,106:79-86.
tive apple rootstocks[J]. Plant Physiology and Biochemistry, [35] JFERNE, XIEGATH , BRI, fRa4k A8, 22 ep 5, gk 22, YRI5 L LA
2012,51:81-89. R PRI I BUIEMEVEA (], R AR, 2022, 39(6):970-981.

[25] TWORKOSKI T, FAZIO G. Hormone and growth interactions JING Junli, LIU Mingxiao, WEI Xin, XU lJizhong, LI
of scions and size-controlling rootstocks of young apple trees[J]. Zhongyong, ZHANG Xueying, ZHOU Shasha. Evaluation of
Plant Growth Regulation,2016,78(1):105-119. cold hardiness of several apple interstocks[J]. Journal of Fruit

[26] WANG Y X,HUY,CHEN B H,ZHU Y F, DAWUDA M M, Science,2022,39(6):970-981.

SVETLA S. Physiological mechanisms of resistance to cold [36] AWINN, fRak i, ke . SRR & BBt S 50 s
stress associated with 10 elite apple rootstocks[J]. Journal of In- IR R [I]. [El 22544 ,2011,38(6): 1045-1051.
tegrative Agriculture,2018,17(4):857-866. JIN Mingli, XU Jizhong, ZHANG Gang. Relation between elec-

[27] MOLASSIOTIS A N, SOTIROPOULOS T, TANOU G, KOFI- trical impedance spectroscopy parameters and frost hardiness in
DIS G, DIAMANTIDIS G, THERIOS E. Antioxidant and ana- shoots of apple rootstocks[J]. Acta Horticulturae Sinica,2011,38
tomical responses in shoot culture of the apple rootstock MM (6):1045-1051.

106 treated with NaCl, KCl, mannitol or sorbitol[J]. Biologia [37] BAILEY-SERRES J, CHANG R. Sensing and signalling in re-
Plantarum, 2006, 50(3):331-338. sponse to oxygen deprivation in plants and other organisms[J].

[28] FEEHE, phEE, KD . NaCl e 3 3 AL A KA Na Wi Annals of Botany,2005,96(4):507-518.

PR B2 HL 5 T 3 P ) O AR (0], ST AB AR 224K 2002, 25 [38] AEAIEL, HOVR S . AR B AR RS 77 S B AR O
(F 1):104-107. B s PRS2 D], Bel 25541, 2008, 35(1) : 7-12.

WANG Huiying, SUN Jianshe, ZHANG Jianguang. Studies on SHENG Lixia, SHU Huairui. Effects of hypoxia on the root ac-
absorption of sodium and potassium ions by apple rootstocks un- tivity, respiratory rate and the activities of enzymes involved in
der sodium chloride stress and its relation to salt tolerance[J]. nitrogen metabolism in roots of Malus hupehensis Rehd.[J]. Ac-
Journal of Agricultural University of Hebei, 2002, 25(Suppl. 1): ta Horticulturae Sinica,2008,35(1):7-12.

104-107. [39] BAILEY-SERRES J, VOESENEK L J. Flooding stress: Acclima-

[29] LIC,WEI Z W,LIANG D,ZHOU S S,L1Y H,LIU C H,MA tions and genetic diversity[J]. Annual Review of Plant Biology,
F W. Enhanced salt resistance in apple plants overexpressing a 2008,59:313-339.

Malus vacuolar Na+/H+ antiporter gene is associated with differ- [40] BAITH,LICY,MAF W,FENG F J,SHU H R. Responses of
ences in stomatal behavior and photosynthesis[J]. Plant Physiol- growth and antioxidant system to root- zone hypoxia stress in
ogy and Biochemistry,2013,70:164-173. two Malus species[J]. Plant and Soil ,2010,327(1):95-105.

[30] B, kB, TRAES MRV, T, ikl BEK . € E R G [41] SALVATIERRA A, PIMENTEL P, ALMADA R, HINRICH-
R Y 54 #6 22 ST 75 0], [l 2544%,2015,42(5): 826-832. SEN P. Exogenous GABA application transiently improves the
XUE Hao, ZHANG Feng, ZHANG Zhihong, FU Junfan, tolerance to root hypoxia on a sensitive genotype of Prunus
WANG Feng, ZHANG Bing, MA Yue. Differences in salt toler- rootstock[J]. Environmental and Experimental Botany, 2016,
ance between the diploid and autotetraploid ‘Hanfu’ apple[J]. 125:52-66.

Acta Horticulturae Sinica,2015,42(5):826-832. [42] ISMOND K P, DOLFERUS R, DE PAUW M, DENNIS E S,

[31] ZHANG M J, DING L H, WANG Q,LI'Y B, YAN X K, XING GOOD A G. Enhanced low oxygen survival in Arabidopsis
G J. Development of cold resistant apple rootstocks in China[J]. through increased metabolic flux in the fermentative pathway[J].
Acta Horticulturae,2011(903):183-186. Plant Physiology,2003,132(3):1292-1302.

[32] MIRABDOLBAGHI M, ZARGHAMI R, AZGHANDI A V. [43] BAITH,LICY,LIC,LIANG D,MA F W. Contrasting hypox-
Cold hardiness of different apple rootstock clones[J]. Interna- ia tolerance and adaptation in Malus species is linked to differ-
tional Journal of Agriculture and Biology,2010,12(1): 153-156. ences in stomatal behavior and photosynthesis[J]. Physiologia

[33] JRIEEE, 4= e, XUMETN, H0 2, 3k S . JURPE BB A Y Plantarum, 2013, 147(4): 514-523.

PUREPER T[], 5 8 ARk R 24 CH AR B/ , 2011, 28 [44] ELLER C B,LIMA A L, OLIVEIRA R S. Foliar uptake of fog



55

BLE 55 SRR RV S5 A BT T

1085

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

water and transport belowground alleviates drought effects in the
cloud forest tree species, Drimys brasiliensis (Winteraceae) [J].
New Phytologist,2013,199(1):151-162.

YAMAUCHI T, COLMER T D, PEDERSEN O, NAKAZONO
M. Regulation of root traits for internal aeration and tolerance to
soil waterlogging-flooding stress[J]. Plant Physiology,2018,176
(2): 1118-1130.

ZEYR O, AR AR D W, R AT, SRR . S IRAE AR SH. A1\
SEGRER P IE R SR AT HLER 700 (K 22 S D). T 22741, 2007, 34
(2):279-282.

LI Zhenxia, XU Jizhong, GAO Yi, SHAO lJianzhu, ZHANG
Yuan. Difference of organic acid exudation from roots of SH.,
and Balenghaitang under iron- deficiency stress[J]. Acta Horti-
culturae Sinica,2007,34(2):279-282.

ZHU M T, WANG R, KONG P H, ZHANG X Z, WANG Y,
WU T,JIAW S,HAN Z H. Development of a dot blot macroar-
ray and its use in gene expression marker-assisted selection for
iron deficiency tolerant apple rootstocks[J]. Euphytica, 2015,
202(3):469-477.

X, EEAE, TR AR R, EAT . DR IR AR X
B 8 IR PR ZE R D). R RO B4 2012, 45(18): 3801-
3811.

LIU Fei, WANG Jinhua, ZHANG Hongyi, FU Chunxia, WANG
Yan’ an. Differences in tolerance of four apple rootstock seed-
lings to zinc stress[J]. Scientia Agricultura Sinica,2012,45(18):
3801-3811.

FmAL, WAL X SRR, SRR, AT . GREEPE XS
3 RA Ay i B BE I AR SRR ], e 2R
2012,39(8):1429-1436.

WANG Jinhua, TAN Xiushan, LIU Fei, ZHANG Hongyi, FU
Chunxia, WANG Yan’ an. Effects of zinc deficiency stress on
the antioxidative capability and plant hormone level of the dif-
ferent apple rootstocks[J]. Acta Horticulturae Sinica, 2012, 39
(8):1429-1436.

IO TR, 20, i DUDL, FMEE, SR ZERE, BERCF L 4 SH
FIBAC T SRR R A B R AR ).
R EAROI R, 2016,49(22) : 4419-4428.

LI Minji,ZHANG Qiang, LI Xingliang,ZHOU Beibei, SUN Jian,
ZHANG Junke, WEI Qinping. Effect of five different dwarfing
interstocks of SH on growth, yield and quality in ‘Fuji’ apple
trees[J]. Scientia Agricultura Sinica,2016,49(22):4419-4428.
YANG W W, CHEN X L, SAUDREAU M, ZHANG X Y,
ZHANG M R, LIU H K, COSTES E, HAN M Y. Canopy struc-
ture and light interception partitioning among shoots estimated
from virtual trees: Comparison between apple cultivars grown
on different interstocks on the Chinese Loess Plateau[J]. Trees,
2016,30(5):1723-1734.

GAO Y P, MOTOSUGI H, SUGIURA A. Rootstock effects on
growth and flowering in young apple trees grown with ammoni-

um and nitrate nitrogen[J]. Journal of the American Society for

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Horticultural Science, 1992, 117(3):446-452.

TR 3R A R AR A R (], VLSRR, 2016(6) -
10-11.

WANG Tianli. Thoughts on the recent trend of dwarf and dense
planting of apple[J]. Hebei Fruits,2016(6):10-11.

ZALE R IR, A, TN, BIELL . SERA R
TEA R (9 2 R 2 2 S 0], VR ARAROIE R 2, 2018, 22
(2):41-45.

QIN Lizhe, YANG Sumiao, ZHANG Chunfeng, SHI Haiqiang,
WANG Shun, GU Yuhong. Histological studies of leaves from
different apple dwarf rootstock cultivars[J]. Journal of Hebei Ag-
ricultural Sciences,2018,22(2):41-45.

BRI, BTG E R, Tk, VA, B, RSB SIEEE
FIBANE A R 0 25 K S e S D). D AR RMAHBOR
AR CEARBIERRD ,2012,40(5): 136-142.

ZHAO Xiuming, WANG Fei, HAN Mingyu, ZHANG Wene,
TIAN Zhiguo, LUO Jing, YU Liang. Relationship between leaf
anatomical structures and drought resistance of newly intro-
duced apple dwarf rootstocks[J]. Journal of Northwest A & F
University (Natural Science Edition),2012,40(5):136-142.
B, Gy, TG R R, RYEDT , TR AR F A R ARG
XS DA R E RIS, VAL MR 24 (B AR
22D ,2016,44(4): 177-184.

LUO Jing, YI Panpan, WANG Fei, HAN Mingyu, WU Weifang,
WANG Ronghua. Effects of different dwarfing interstocks on
photosynthetic characteristics of grafted apple trees[J]. Journal
of Northwest A & F University (Natural Science Edition), 2016,
44(4):177-184.

L, PME Y, S, HOERAL RN SHA0 MANCEDI
SR Tl 5 RIE ST IR BHR 244, 2014, 15(1): 153+
159.

JIANG Zhiang, SUN Jianshe, PENG Jianying, SHAO Jianzhu.
Isolation and expression of MANCEDI gene from apple root-
stock SH40[J]. Journal of Plant Genetic Resources, 2014, 15(1):
153-159.

ZHOU B B, SUN J,LIU S Z,JIN W M, ZHANG Q, WEI Q P.
Dwarfing apple rootstock responses to elevated temperatures: A
study on plant physiological features and transcription level of
related genes[J]. Journal of Integrative Agriculture,2016, 15(5):
1025-1033.

SADAMORI S, MURAKAMI H. Studies on root-stocks of ap-
ples[J]. Journal of the Japanese Society for Horticultural Sci-
ence,1952,21(2):107-112.

LOCKARD R G, SCHNEIDER G W. Stock and scion growth re-
lationships and the dwarfing mechanism in apple[J]. Horticultur-
al Reviews, 1981,3:315-375.

FAZIO G, ROBINSON T L, ALDWINCKLE H S. The Geneva
apple rootstock breeding program[J]. Plant Breeding Reviews,
2015,39:379-424.

ADAMS S, LORDAN 1J, FAZIO G, BUGBEE B, FRANCES-



1086 3 L)

4

{: F424

[63]

[64]

[65]

[66]

[67]

[68]

[69]

CATTO P, ROBINSON T L, BLACK B. Effect of scion and
graft type on transpiration, hydraulic resistance and xylem hor-
mone profile of apples grafted on Geneva®41 and M. 9-NIC™29
rootstocks[J]. Scientia Horticulturae,2018,227:213-222.
CUMMINS J N, ALDWINCKLE H S. Breeding apple root-
stocks[M]//Plant Breeding Reviews. Boston, MA : Springer US,
1983:294-394.

SCHMIDT H. The effect of ‘Latent’ virus infections on the yield
of maiden trees on 20 apomictic apple seedling rootstocks[J].
Journal of Horticultural Science, 1972,47(2): 159-163.

MILLER S R, HEENEY H B, NELSON S H. Studies on apple
rootstock selections relating respiration rates to an anatomical
method of predicting dwarfness[J]. Canadian Journal of Plant
Science, 1961,41(2):221-226.

KHANIZADEH S, GROLEAU Y, LEVASSEUR A, GRANG-
ER R, ROUSSELLE G L, DAVIDSON C. Development and
evaluation of St Jean- Morden apple rootstock series[J]. Hort-
Science,2005,40(3):521-522.

JAKUBOWSKI T, ZAGAJA S W. 45 years of apple rootstocks
breeding in Poland[J]. Acta Horticulturae,2000(538):723-727.
ZURAWICZ E, BIELICKI P, CZYNCZYK A, BARTOSIE-
WICZ B, BUCZEK M, LEWANDOWSKI M. Breeding of ap-
ple rootstocks in Poland - The latest results[J]. Acta Horticul-
turae,2011(903): 143-150.

KV, BUS VINCENT G M, &, i, 4k 2, XISL %, 7
TR, Rk B . FE R AR A E A S BUIR A AL G AR
FEME(D]. o B R, 2018(6): 107-110.

WANG Dajiang, BUS VINCENT G M, WANG Kun,GAO Yuan,
ZHAO Jirong, LIU Lijun, LI Lianwen, PIAO Jicheng. The histo-
ry and present situation of apple rootstock breeding in America

and its commercial rootstock characteristics[J]. China Fruits,

[70]

[71]

[72]

(73]

[74]

[75]

2018(6):107-110.

AT T AR, B0, T3, R, sk, bl . yife
SO RAGA G5 FURALEERIER (D). |1 224K, 2010,
37(2):297-302.

ZHAO Lingling, SONG Laiqing, LI Yuanjun, YU Qing, LIU
Meiying, ZHANG Zhenying, JIANG Zhongwu. Studies on
breeding of ‘Yanzhen 1’ apple stock and its mechanism of ap-
ple rough bark disease resistance[J]. Acta Horticulturae Sinica,
2010,37(2):297-302.

PRI EE S A R R R R R AR R 0], SRR 2K
2014(10): 11-12.

XU Mingju. Application of new model technology for apple high
spindle cultivation[J]. Fruit Growers” Friend,2014(10):11-12.
YAO S R,MERWIN I A, ABAWI G S, THIES J E. Soil fumiga-
tion and compost amendment alter soil microbial community
composition but do not improve tree growth or yield in an apple
replant site[J]. Soil Biology and Biochemistry,2006,38(3): 587-
599.

ISUTSA D K, MERWIN I A. Malus germplasm varies in resis-
tance or tolerance to apple replant disease in a mixture of New
York orchard soils[J]. HortScience,2000,35(2):262-268.
R SRR U T A S AR A AR B B
R SRR ZHK,2007(7):4-6.

LI Bingzhi, ZHANG Linsen, HAN Mingyu, FENG Huande. Ap-
plication status of dwarfing rootstock in the world [J]. Fruit
Growers’ Friend,2007(7):4-6.

AL | 3R 3 AR A R AR SR R R 0], SRR S R
515 H,2023(2): 4-5.

ZHAO Deying. Selection of labor-saving cultivation mode for
apple in China[J]. Fruit Tree Practical Technology and Informa-
tion,2023(2):4-5.



